The introduction of multi-walled carbon nanotubes (MWCNTs) into polymer matrixes has been an important tool to alter and improve some properties in polymer nanocomposites, including biodegradable polymers such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). In this work, PHBV nanocomposites with 0.05, 0.50, 1.00, 1.50 and 2.00 wt % of MWCNTs were produced by solvent casting. MWCNT morphology and structure were characterized by Raman spectroscopy, and transmission electron microscopy (TEM). It was observed that MWCNTs have a considerable amount of amorphous carbon (AC) onto their surface and a wide distribution of the tube diameter. MWCNTs act as the nucleating agent in the PHBV matrix, as verified by differential scanning calorimetry (DSC). Thermogravimetric analysis (TGA) showed that thermal stability was not significantly affected. The nanofiller dispersion into the PHBV matrix was not effective for concentrations from 1 wt % according to the micrographs obtained in scanning electron microscopy (SEM). The contact angle was changed with the introduction of MWCNTs, turning the nanocomposites hydrophobic and improving the mechanical tensile properties of the PHBV matrix.
Introduction
Given the difficulty of treating solid urban waste-which presents increasing quantities of polymeric materials-the use of biodegradable polymeric materials has been increasing in recent years. These polymers have a shorter life cycle when compared to the life cycle of conventional polymers, which come from fossil sources. Living organisms can degrade biodegradable polymers and, when discarded under favorable biodegradation conditions, they remain for a short time in the environment, for weeks or even months [1, 2] .
With this in mind, biodegradable polymers, such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), have been studied and tested for industrial applications, aiming at the replacement of plastics from fossil sources [3] . PHBV is a straight-chain semicrystalline copolymer belonging to the polyhydroxyalkanoate (PHA) family. These biopolymers are synthesized by some microorganisms as an energy reserve [4] . Due to biodegradability and biocompatibility, PHBV has a high potential of application in the production of packaging, personal hygiene products, in agriculture and in medical areas [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, application of PHBV is limited due to its low thermal and mechanical resistance. Thus, one of the alternatives to improve such properties is the production of nanocomposites.
The production of PHBV nanocomposites with different nanoparticles, such as cellulose nanocrystals [14, 15] , silver nanoparticles [16, 17] , graphite nanosheets [18, 19] , titanium dioxide nanoparticles [20] , carbon nanotubes (CNT) [6, [21] [22] [23] [24] [25] and other nanomaterials, has been studied as an alternative that might improve their thermal and mechanical properties, enabling their utility in certain areas.
Among the nanoparticles most used in the development of polymer nanocomposites are CNTs. CNTs are formed by graphene sheets concentrically rolled with nanometer-wide diameters that can have a length of multiple centimeters [26, 27] . Pan et al. [28] observed that the addition of 0.25 to 2.0 wt % of CNT in a polycaprolactone (PCL) matrix significantly improved the tensile and compressive modulus of the PCL-CNT nanocomposites. Other studies showed that CNTs also acted as great mechanical reinforcement agents for the poly(lactic acid) (PLA) matrix, in which small proportions positively influenced tensile strength, modulus and toughness of the PLA-CNT nanocomposites [29, 30] .
CNTs have been used as a reinforcing agent in the production of nanocomposites with PHBV, aiming mainly to improve mechanical, thermal and electrical properties of the matrix [6, [21] [22] [23] [24] . Few works have, as a critical objective, studied the addition of several concentrations of CNT into PHBV nanocomposites and the consequences in polymer properties, especially in regards to hydrophilicity [6, 31] . Studies about hydrophilicity are necessary once changes in this characteristic of biodegradable polymers has influenced the degradation carried out by microorganisms and, consequently, the time of deterioration and nanocomposite application.
This work aims to evaluate the effect of CNT concentration on the thermal proprieties of the PHBV matrix through differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), on morphology by scanning electron microscopy (SEM), on hydrophilicity of the films through their contact angle and on mechanical proprieties using uniaxial tensile tests. CNTs were initially characterized by Raman spectroscopy and transmission electron microscopy (TEM). Besides being an essential tool to improve the dispersion of fillers into a matrix, functionalization is an additional step, which would add time and cost to the final material. The goal of this work is to produce nanocomposites of PHBV and multi-walled carbon nanotubes (MWCNTs) that achieve a satisfactory dispersion of MWCNTs without the need of any previous step. To our knowledge, there is no previous study of PHBV/MWCNT to have evaluated the effect of different MWCNTs concentrated into PHBV films that concerned thermal properties, morphology, mechanical properties or, especially, contact angle.
Materials and Methods
PHBV was supplied by PHB Industrial Ltd. (São Paulo, Brazil), with a 15 mol% of hydroxyvalerate units and molecular weight (Mw) of 230.000 g·mol −1 . Multi-walled carbon nanotubes (MWCNTs) were produced by chemical vapor deposition with a minimum purity of 93% (weight), supplied by CNT CO. Ltd. (Incheon, Korea). The diameter range of the MWCNTs was from 10 to 40 nm, and the length was from 5 to 20 µm.
PHBV/MWCNT nanocomposites with 0.05, 0.50, 1.00, 1.50 and 2.00 wt % of MWCNTs were prepared by solvent casting according to our previous works [21, 22] . A solution of 8 wt % of PHBV in chloroform (CHCl3) was prepared under heating. This solution was added in a suspension of MWCNTs in chloroform, previously sonicated in an ultrasonic processor (VCX 750 Sonics, 750 W; 20 kHz) for 2 min. After, the mixture of PHBV and MWCNTs in chloroform was sonicated for 1 min, then poured in Petri plates. The mixtures were allowed to stand overnight, and the films were formed after the evaporation of the chloroform.
A Raman spectrum of MWCNTs was obtained using a Raman Renishaw Imaging Microprobe System 3000 spectrometer, coupled with an optical microscope, using spatial resolution of 1.5 µm and a He-Ne laser (632.5 nm).
Transmission electron microscopy images of MWCNTs were obtained using 300-mesh carbon-coated copper grids. Images were acquired on a Carl Zeiss (CEM-902, Oberkochen, Germany) instrument, operating at 80 kV.
Differential scanning calorimeter (DSC) measurements of PHBV/MWCNT nanocomposites with 0.05, 0.50, 1.00, 1.50 and 2.00 wt % of MWCNTs were carried out using a DSC Q10 from TA Instruments. Samples were sealed in an aluminum DSC pan and heated from room temperature to 200 °C at 10 °C·min −1 . They were kept at 200 °C for 2 min to eliminate the previous heat history and subsequently cooled to −30 °C at 10 °C·min −1 , and held at this temperature for 2 min. After this, they were heated to 200 °C at 10 °C·min −1 under nitrogen atmosphere with a flow rate of 50 mL·min −1 .
The % of crystallinity was calculated according to the relation Xc (%) = ∆Hm 1 / WPHBV* ∆Hm 0 , where ∆Hm 1 is the total melting enthalpy on second heating, WPHBV is the weight fraction of PHBV in the nanocomposite and ∆Hm 0 is the theoretical melting-heat value of 100% crystalline PHBV, which was taken as 109 J·g −1 [23] .
Thermal stability of PHBV/MWCNT nanocomposites was investigated by thermogravimetric analysis (TGA) in an SDT Q600 from TA Instrument. The samples were heated at 10 °C·min −1 from room temperature to 600 °C under nitrogen atmosphere with a flow rate of 100 mL·min −1 .
Fracture surface morphology of the nanocomposites was observed by scanning electron microscopy (SEM) using a Jeol JSM-T300 (Peabody, MA, USA) microscope operating at 20 keV. The samples were prepared by cryogenic fracture in liquid nitrogen. The samples were covered with a Pd-Au alloy in a Sputter Coater SCD 050 Baltec (Scotia, NY, USA).
Static contact-angle measurements of the nanocomposites were examined in air at room temperature using a Drop Shape Analyzer DSA 100 from Krüss (Hamburg, Germany). Contact-angle values were automatically calculated using DSA software. Measurements were made by dropping 10 μL of water on 1 cm × 1 cm PHBV/MWCNT film samples fixed on glass blades. Contact-angle values were obtained using the average of five measurements.
Uniaxial tensile tests of PHBV/MWCNT nanocomposites were measured according to ASTM D882-02, using a DL 2000 Universal Test Machine from EMIC (São José dos Pinhais, PR, Brazil), with a load cell of 500N and a 2.5 mm min −1 speed of testing. Samples were kept at 23 °C and 50% humidity for 48 h to reach the equilibrium state before their mechanical tests. They were cut into strips with average dimensions of 75 mm × 5 mm × 0.08 mm (length × width × thickness).
Results

Characterization of MWCNTs
Raman spectroscopy is a widely used technique for the characterization of CNTs that provides information on the degree of crystal lattice disorder. The Raman spectrum obtained for MWCNTs is shown in Figure 1 . The bands of most interest in the spectrum were D and G, at 1334 cm −1 and 1587 cm −1 , respectively. While the G band can be attributed to E2g symmetry vibrations in the graphite plane, the D band is attributed to breakage on the sp 2 vibration of 6-membered rings. Thus, the D band is attributed to disordered carbon present in the structure of MWCNTs, and the G band is attributed to the ordered carbon, analogous to the bands observed for the graphite band [32] [33] [34] . The presence of a shoulder in the G band, around 1615 cm −1 (labeled as the D' band), was due to defects in the graphite structure and disordered carbon similar to the D band [35] , which is also verified in the spectrum of Figure 1 .
The ratio between the intensities of the G and D (IG-ID) bands was used to evaluate the amount of disordered carbon atoms in the MWCNT surface [21, 22] . Herein, an IG-ID value of 0.54 was obtained. Transmission microscopy analysis was performed with the purpose of characterizing the morphology of MWCNTs. Some characteristics of MWCNTs, including diameter and length, as well as impurities found in them, are directly related to their production method. Thus, as the MWCNTs used in this work were obtained by thermochemical vapor deposition (TCVD), TEM micrographs revealed the presence of metallic catalyst particles (MP), amorphous carbon (AC) and a wide distribution of tube diameters, which directly related to the diameter of the metal particle ( Figure 2 ). The black region in Figure 2a is an agglomerate of MWCNTs, amorphous carbon and, probably, metallic particles. However, the overlapping of the materials makes it impossible to identify the contour of each component within this darkened region. The variation in the dimensions of metal particles and tube diameters, as well as the deposition of amorphous carbon, is more clearly verified by performing a zoom in the micrographs. Magnified regions are shown in Figure 2b-d. It is possible to observe three metal particles of different sizes contained within some filaments here, in addition to a significant deposition of amorphous carbon between the nanotubes (Figure 2b ). Amorphous carbon comes from the deposition of hydrocarbon on the outer walls of the filaments. It can be seen that MWCNTs have closed and conical caps ( Figure  2b,c) . The presence of conical caps is typical of carbon nanotubes, and it is believed that their formation occurs due to the presence of pentagonal rings inserted between the hexagonal rings that are a constituent part of graphite sheets [36] . 
Characterization of Nanocomposite Films
DSC analyses were performed to determine the melting and crystallization behaviors of PHBV and its nanocomposites. Figure 3 shows the DSC curves for neat PHBV and its nanocomposites with different concentrations of MWCNTs. Bimodal endothermic peaks at 157 °C and 172 °C were observed during the first and second heating scans of all the samples (Figure 3a,b) . However, in the second heating, the first endothermic peak was attenuated. Figure 3c shows the effects of adding MWCNTs into PHBV on the crystallization behavior of the polymer during the cooling scan. For neat PHBV there was no crystallization peak during the cooling scan, and for all the nanocomposites a crystallization peak could be observed. Crystallization of neat PHBV happened only during the second heating scan, at 59 °C, as shown in Figure 3b .
The glass transition temperature (Tg) can be observed in Figure 3d . The Tg value for neat PHBV was 0 ± 1 °C and for the nanocomposites was 1.75 ± 1 °C. The baseline variation, related to the heat capacity change (ΔCp), was reduced with the increase of MWCNT concentration. Table 1 shows the values of crystallization temperature (Tc) obtained in the cooling samples, melting enthalpy (ΔHm) and degree of crystallinity (Xc) for neat PHBV and the nanocomposites with MWCNTs obtained in the second heating. It can be observed that the crystallization of the PHBV matrix occurred in higher temperatures as a function of MWCNT concentration. The increase of MWCNT concentration in nanocomposites also led to an increase in Xc. Thus, the crystalline fraction was 56.1% for neat PHBV, while the nanocomposite with 2.00 wt % of MWCNTs showed a crystalline fraction of 69.6%. Thermal degradation behaviors of neat PHBV and PHBV/MWCNT nanocomposites were examined using thermogravimetry under a N2 flow. TGA curves are shown in Figure 4 . Thermal degradation of each sample was evaluated by observing the temperature at 1, 5 and 10% weight loss (T1, T5 and T10, respectively) and the temperature at the maximum weight-loss rate (Tmax). Values of Tmax were obtained with the first derivative of each curve, shown in Table 2 .
Values of T1 and T5 showed that at the beginning of thermal degradation there was no significant difference between the thermal degradation of nanocomposites and that from neat PHBV.
However, after 10% of weight loss, higher values of T10 could be observed for nanocomposites. The increase of thermal stability was about 7 °C for nanocomposites containing 0.05 wt % of MWCNTs and about 4 °C for other nanocomposites, which showed very similar T10 (~273 °C). Values of Tmax for all nanocomposites were about the same (~284 °C), which corresponded to an increase of approximately 5 °C compared to neat PHBV (~279 °C). Dispersion of MWCNTs and the interface between them and the polymeric matrix can be evaluated in the fracture-surface micrographs of the nanocomposites shown in Figure 5 , where most representative samples are exhibited. For neat PHBV the fracture resulted in a smooth surface, while nanocomposites showed a very rough surface.
Wettability of PHBV/MWCNT film surfaces was evaluated by static contact-angle measurements of water droplets deposited on the smooth (the surface in contact with the glass surface of the Petri dish) and rough (the surface in contact with atmospheric air) surfaces of the films produced. Results represented an average of five measurements.
Images of the contact angle of rough surfaces of PHBV/MWCNT nanocomposites with 0.05 and 1.00 wt % are shown in Figure 6a . Smooth and rough surfaces of neat PHBV films showed an average contact angle of 56° and 55°, respectively (Figure 6b) .
On both smooth and rough surfaces of the nanocomposites, an increase of the contact angle as a function of MWCNT concentration in the sample was observed, indicating a decrease in the hydrophilic character of the surface. As the concentration of MWCNTs in the nanocomposites increased, the amount of MWCNTs exposed on the film surface (both smooth and rough) also grew, as shown in the micrographs. Uniaxial tensile tests were peformed with neat PHBV and nanocomposites. Mean values and standard deviation for tensile strength, elongation at break and tensile modulus obtained are shown in Table 3 . Table 3 . Tensile modules (E), tensile strength (σmax) and elongation at break (εmax) of neat PHBV and nanocomposites.
MWCNT (%) E (MPa)
σmax ( The tensile modulus, tensile strength and elongation at break data presented in Table 3 were statistically analyzed using the parametric ANOVA test and a t-test, with significance established at 5% (p < 0.05).
Analyzing the data in Table 3 , an increase in tensile modulus and tensile strength is observed, along with a decrease in elongation at break for all nanocomposite samples compared to neat PHBV. ANOVA applied to the data shows p < 0.05 in all cases, demonstrating that there was a statistically significant difference between the samples.
In general, an increase was observed in tensile modulus and tensile strength with the increase of MWCNT content in the nanocomposites, despite the observed oscillation of the samples with 0.05, 0.50 and 1.00 wt % of MWCNTs. However, a t-test applied to these samples indicated no statistically significant difference between each of these three nanocomposites. 
Discussion
Raman analysis of MWCNTs shows a considerable amount of amorphous carbon and defects in the carbon wall, because of the intensity of D band, resulting in an IG-ID ratio of 0.54. Raman result agreed with the TEM images and was very close to the value reported by Liu et al. [32] . In the TEM images, besides the presence of amorphous carbon and defects in the carbon wall, variable diameters and long-length tubes can be observed.
Bimodal endothermic peaks observed during the first and second DSC heating scans of all the samples are attributed to the melting of the crystalline fraction of PHBV. Double melting peaks were similarly seen on PHB and other polymers. The appearance of these peaks is explained by the melting of crystals with distinct lamellar thickness and/or different crystal structures [18, 37] . In the second heating, the endothermic peak at 157 °C was attenuated due, probably, to higher control and a lower ratio of samples cooling, which resulted in a more homogenous spherulite size. Montanheiro et al. [21] studied PHBV/MWCNT nanocomposites with 0.5 wt % of MWCNTs, and also observed the presence of double melting peaks.
In the DSC scan, the absence of exothermic peaks for nanocomposites during the second heating scan indicates that the crystallization of the PHBV matrix happened entirely during the cooling scan, except for the nanocomposite containing 0.05 wt % of MWCNTs. For that nanocomposite, a small fraction of PHBV crystallized during the second heating scan, probably because the fraction of MWCNTs was not enough to promote the complete crystallization of PHBV during the cooling scan.
The glass transition temperature (Tg) was not significantly affected; however, the baseline variation indicates that the amorphous phase of the nanocomposites was reduced.
The absence of a crystallization process in the cooling of neat PHBV and the increase of Tc in the function of MWCNTs in nanocomposites indicate that MWCNTs act as nucleating agent. This is also confirmed by the values in Table 1 , which show, generally, that ΔHm increases with MWCNT concentration.
In the TGA results, the addition of MWCNTs in the PHBV matrix resulted in a small shift of the nanocomposite curves to higher temperatures compared to neat PHBV (0.00 wt %) for all the contents of MWCNTs. Therefore, the data of Table 2 show a small increase in thermal stability of the PHBV matrix with the introduction of MWCNTs after 10% weight loss. However, the increase of MWCNT concentration did not result in a proportional increase in thermal stability, maybe due to the difficulty of MWCNT dispersion with the increase of their concentration.
Previous studies [21] showed improvement in the initial thermal degradation of PHBV nanocomposites produced with 0.5 wt % of MWCNTs, which was attributed to a hindering of the transport of combustion gas with the absorption of free radicals generated during polymer decomposition by the activated carbon surface. An effective barrier to the permeation of combustion gas would only work in the case of well-dispersed MWCNTs [24, 38, 39] .
The fracture surface, observed by SEM, demonstrated that neat PHBV results in a smooth surface featuring a hard and brittle material, while nanocomposites produce a very rough surface, indicating a greater deformation before rupture. Micrographs show the dispersion of MWCNTs inside the nanocomposites. Despite the existence of several individual MWCNTs, increasing the concentration of MWCNTs in the nanocomposites hampers their dispersion in the polymer matrix. Thus, the nanocomposites containing 1.00 and 2.00 wt % of MWCNTs had large areas of agglomerated tubes, agreeing with the results observed in thermogravimetric analysis, which did not show considerable improvements in thermal degradation temperatures due to, probably, an inefficient dispersion of MWCNTs within the PHBV matrix.
Changes in chemical composition and roughness of PHBV/MWCNT nanocomposite surfaces resulted in wettability changes in the final material due to the high hydrophobicity of the MWCNTs [22] .
The wettability of neat PHBV is significant since surfaces with a contact angle less than 90° are classified as hydrophilic [40] . Neat PHBV is, therefore, a partially hydrophilic substrate once it is a polyester, and hydrogen bonds can be established with water molecules on its surface.
The presence of MWCNTs caused a reduction of nanocomposite surface polarity due to hydrophobicity of the MWCNTs. Comparing smooth surfaces from neat PHBV (θ = 56°) and PHBV/MWCNT 1.50 wt % (θ = 74°), an increase of 18° in the contact angle was observed, meaning an increase of about 32%. In the case of the rough surface, comparing neat PHBV (θ = 55°) and PHBV/MWCNT 1.00 wt % (θ = 87°), the increase was 32° in the contact angle (~58%), as shown in Figure 6b . The same behavior was observed in our previous study [22] .
The most apparent increase in the case of the rough surface is attributed to exposure to a more significant number of MWCNTs and, consequently, higher roughness and chemical heterogeneity compared to the smooth surface. The roughness and chemical heterogeneity of the surface contributed to the increase in the contact angle [40] . The increase in the MWCNT concentration implies an increase in the number of MWCNTs on both the rough and the smooth surface and, consequently, an increase in their hydrophobicity.
The low concentration of MWCNTs in the 0.05 wt % sample did not influence the roughness of the films, and resulted in similar contact-angle values for smooth and rough surfaces. Although the smooth surface showed greater hydrophobicity than the rough surface, which was not expected, this difference was small compared to the other concentrations. While the difference between the contact angle of the smooth and rough surfaces of the 0.05 wt % nanocomposite was 3°, for different concentrations this difference varied between 8° (1.5%) and 18° (1.0%). The difference between the values of the smooth and rough surfaces was not proportional to the increase of MWCNT concentration because of the heterogeneity of the samples. However, hydrophobicity increased, despite the low concentration of MWCNTs in the 0.05 wt % nanocomposite, compared to pure PHBV.
The reduction of hydrophilicity may be attractive in cases where it is necessary to control the degradation rate of the material, since the penetration of water molecules into the nanocomposites would be harmed, and would reduce the cleavage of PHBV side chains [41] .
Adding MWCNTs to the PHBV matrix resulted in an increase of the material strength and stiffness, and, consequently, in a decrease of the elongation at break. Thus, the sharpest reduction was verified for the sample with 2.00 wt % of MWCNTs, which showed a reduction of about 61% compared to neat PHBV. Addition of MWCNTs into the polymer matrix leading to elongation reduction has been reported in several works [6, 23] .
The best mechanical properties were observed for the nanocomposite PHBV/MWCNT with 1.50 wt %, showing an increase of 48% in tensile modulus, 49% in tensile strength and the smallest elongation at break loss (37%). Reinforcement effects may be attributed to chain entanglements between MWCNTs and PHBV [6] . Long fillers may have a better efficiency as a reinforcing agent due to the formation of entanglements, which may restrict the deformation of the polymer matrix, but at the same time, it is harder to have a good dispersion within the polymer matrix [42, 43] .
It was expected that higher values of tensile modulus and tensile strength would be obtained for the sample with 2.00 wt % of MWCNTs. However, the higher concentration of CNTs hindered their dispersion in the polymer matrix, increasing the heterogeneity of the sample. Thus, we may conclude that the reinforcing effect of MWCNTs in the PHBV matrix was dominant for concentrations less than 1.5 wt %, whereas the effect of MWCNT agglomeration was prevalent at 2.00 wt % concentration.
Conclusions
This work reported production and characterization of PHBV/MWCNT nanocomposites with a concentration range from 0.05 wt % to 2.00 wt % using solvent casting methodology. Despite MWCNTs having a high tendency of agglomeration, this was sufficient to provide a good dispersion of MWCNTs, resulting in considerable increases of hydrophobicity (58%) and mechanical resistance (48%) even with low concentrations of MWCNTs. Some evidence of filler agglomeration was observed above 1.00 wt %, but the values of the measured properties remained high, even if they did not increase proportionally with the concentration of MWCNTs. General thermal behavior was not significantly affected with the introduction of MWCNTs; however, the amorphous phase of the nanocomposites was reduced compared to neat PHBV, and thermal stability was slightly improved after the addition of MWCNTs. The surface contact angle was considerably changed. The introduction of MWCNTs into PHBV reduced the surface polarity of the nanocomposites, resulting in hydrophobic nanocomposites. Mechanical tensile modulus and strength were improved with the incorporation of only 1.50 wt % of MWCNTs.
